Introduction
Schizophrenia is a complex disorder associated with positive, negative, and mood symptoms as well as neurocognitive impairment. 1 The mainstay of treatment for schizophrenia are antipsychotics, which act to modulate neurotransmitter function in order to decrease the frequency and severity of psychotic episodes. 2 First-generation or typical antipsychotics are efficacious in reducing the positive symptoms of schizophrenia but have shown limited efficacy for treating negative symptoms or cognitive impairment; additionally, typical antipsychotics were associated with substantial risk of extrapyramidal symptoms (EPS). 3 Second-generation or atypical antipsychotics are thought to have a lower risk of EPS and better, though still limited, efficacy in negative symptoms and cognitive deficits. 3, 4 All clinically effective antipsychotics show some affinity for the dopamine D 2 receptor, 5 but their affinity to other receptors may play an important role in their clinical correspondence: Tadakatsu nakamura 17-10, nihonbashi-Koamicho, chuo-ku, Tokyo, Japan Tel +81 3 6748 7763 Fax +81 3 3663 6449 email nakamura.tadakatsu@ma.mtpharma.co.jp efficacy and safety profiles. Identifying new molecular targets for the treatment of schizophrenia is crucial to optimally manage this debilitating disorder. The dopamine D 3 receptor has emerged as a potential target for antipsychotics. 6 In rodent models, selective antagonism of D 3 receptors eliminated D 2 receptor agonist-induced catalepsy, 7, 8 did not produce motor adverse events (AEs), 9 and improved learning and memory. 10, 11 Furthermore, targeted disruption of D 3 receptors in mice results in heightened sensitivity to antidepressants compared with wild-type littermates. 12 Additional lines of evidence in animal studies, such as facilitation of nesting behavior and social contact, 13 suggest that D 3 receptor blockade could counter negative symptoms associated with schizophrenia. An antipsychotic with high affinity for both D 3 and D 2 receptors may offer a treatment option that is effective in resolving positive, negative, and mood symptoms and improving cognitive deficits associated with schizophrenia. 14, 15 Cariprazine is a potent D 3 /D 2 receptor partial agonist with preferential binding to D 3 receptors. It has been recently approved for the treatment of schizophrenia and manic or mixed episodes associated with bipolar I disorder by the US Food and Drug Administration. Cariprazine has an almost tenfold greater affinity for D 3 than D 2 receptors in vitro, 16 with high and balanced occupancy of both receptor subtypes in rats and humans 16, 17 at pharmacologically effective doses. In animal models, cariprazine was associated with D 3 receptor-dependent procognitive and antidepressant-like effects, suggesting utility in treating these schizophrenia symptom domains. 18, 19 Cariprazine has demonstrated efficacy, safety, and tolerability in three positive Phase II/III randomized, placebo-controlled trials in patients with acute exacerbation of schizophrenia. [20] [21] [22] The D 3 -binding preference of the drug may offer a unique treatment option for patients with persistent and predominant negative symptoms. Cariprazine has indeed shown clinical potential for treating negative symptoms based on results from a prospectively defined schizophrenia study of patients with persistent and predominant negative symptoms. 23 The metabolism of cariprazine is via the CYP3A4 and to a lesser extent by CYP2D6 pathways. 24 Two clinically relevant metabolites of cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine, have similar pharmacological activity as cariprazine, though didesmethyl-cariprazine has a much longer terminal half-life. 24 Studies in healthy volunteers and patients with schizophrenia showed that cariprazine and its metabolites provide dose-proportional systemic exposure with up to 1 month of treatment. [24] [25] [26] However, the pharmacokinetics of didesmethyl-cariprazine, which has a long terminal half-life (t 1/2,z ), was not well defined in earlier studies because of shorter study duration.
Understanding the steady-state pharmacokinetics of a drug is important to guide long-term treatment of patients with schizophrenia. Pharmacokinetic data, particularly halflife, may be used to predict the time to steady state. For a drug with multi-exponential disposition, the effective halflife (t 1/2,eff ) value, determined from the time to reach steady state, can better predict the accumulation and elimination of the drug than the terminal half-life (t 1/2,z ) associated with a deep compartment.
Reported here are results from a clinical pharmacology study designed to evaluate the steady-state pharmacokinetics of cariprazine, desmethyl-cariprazine, and didesmethylcariprazine following 12 weeks of once-daily oral cariprazine administration in Japanese patients with schizophrenia.
Materials and methods
This study was conducted at 20 sites in Japan from May 7, 2012 to August 23, 2013, in compliance with guidelines for Good Clinical Practice, Pharmaceutical Affairs Law, and Declaration of Helsinki. The study protocol was approved by institutional review boards at each study site. Prior to study start, written informed consent was obtained from all participants.
study design
Japanese patients with schizophrenia were evaluated in a 28-week, multicenter, randomized, open-label, parallelgroup, fixed-dose clinical pharmacology study. The study consisted of a screening visit, an observation period for up to 4 weeks, a 12-week treatment period, and a 12-week follow-up period. If study drug was discontinued during the treatment period, the 12-week follow-up period started from the day of drug discontinuation. The treatment and follow-up periods were set as 12 weeks in order to evaluate time to steady state of the plasma concentrations and elimination of cariprazine and its metabolites.
Patients were randomized (1:1:1) to one of three parallel therapeutic doses of cariprazine: 3, 6, or 9 mg/day. Cariprazine treatment was initiated at the 1.5 mg/day dose, and then the dose increased by 1.5 mg/day until the target therapeutic dose was achieved. All cariprazine doses were administered once daily after breakfast.
study participants
Participants in this study were male or female Japanese patients between 20 and 64 years of age with a diagnosis of schizophrenia for $1 year based on Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision criteria. It was required that patients have a Positive and Negative Syndrome Scale (PANSS) total score #120 and normal physical examinations, vital signs, clinical laboratory tests, and electrocardiogram (ECG) finding or abnormal results that were judged to be not clinically significant.
Patients with any mental disorder other than schizophrenia were excluded from the study. Additional exclusion criteria included substance abuse or dependence within 3 months prior to consent (excluding nicotine or caffeine dependence), therapy-resistant schizophrenia (ie, poor response to two or more antipsychotics during the past 2 years), history of hypersensitivity to any drugs, suicide attempt or suicidal ideation, body mass index #17.5 or .35 kg/m 2 , pregnancy or breast-feeding, unstable or decompensated cardiovascular disease, gastric bypass, or other conditions that may have an effect on drug absorption. Patients with human immunodeficiency virus or hepatitis virus infection, or any significant/ unstable medical condition that might interfere with study participation were excluded, as were patients who required prohibited concomitant medications (eg, psychotropic drugs, CYP3A4 inducers/inhibitors, CYP2D6 inhibitors). Allowed concomitant medications included hypnotics (eg, zolpidem or chloral hydrate), antiparkinson drugs, and lorazepam. Treatment-related exclusions included electroconvulsive therapy or extended-release antipsychotics within 3 months prior to consent, clozapine within 1 year prior to consent, or cariprazine treatment in the past.
assessments Pharmacokinetics Blood samples were collected prior to the first dose and at 3, 4, 6, 8, 24, and 48 hours after the first dose, as well as pre-dose on the last day of each week during the 12-week treatment period (ie, every 7 days starting from day 7) with the exception of weeks 9 and 11. Additionally, for weeks 2 and 4, blood samples were collected before administration and 3-4 hours post-dose. Blood samples were also taken prior to the last dose and at 3, 4, 6, 8, and 24 hours after the last dose. During the follow-up period, blood samples were collected on days 1, 2, and 3, and on the last day of weeks 1, 2, 4, 6, 8, and 12.
Blood samples were collected from the vein into vacuum collection tubes with the anticoagulant K 2 EDTA (dipotassium ethylenediaminetetraacetic acid), and centrifuged using a refrigerated centrifuge within 30 minutes after blood withdrawal (4°C, 1,800× g, 15 minutes); plasma was then separated, aliquoted, and quickly frozen at #-20°C. Plasma samples were analyzed for cariprazine and its metabolites, desmethyl-cariprazine, and didesmethyl-cariprazine, using a previously validated liquid chromatography-tandem mass spectrometry technique with a lower limit of quantification of 0.02 ng/mL. 27 Pharmacokinetic parameters, calculated from plasma concentration-time data using noncompartmental analyses, included area under the plasma concentration-time curve from time zero to 24 hours (AUC 0-24 ), maximum plasma concentration (C max ), apparent terminal elimination rate constant (k el ), time to C max (t max ), and terminal elimination half-life (t 1/2,z ). The time to reach steady state and dose proportionality were also evaluated. Time to reach steady state was defined as the first time point where the pre-dose plasma concentration relative to the week 12 value was $90%. Dose proportionality of cariprazine, desmethyl-cariprazine, and didesmethylcariprazine on the last day of treatment was assessed using a power model: log(Y) = α + β × log(X) + error, where Y is the pharmacokinetic variable, α is the y-intercept, β is the slope, and X is dosage. When the confidence interval (CI) included 1, this confirmed that there is dose proportionality of C max and AUC 0-24 . The t 1/2,eff was also assessed for cariprazine, desmethyl-cariprazine, didesmethyl-cariprazine, and total active moieties; t 1/2,eff was determined based on time to reach steady state divided by 3.32, where 3.32 is the number of half-lives required to reach 90% of steady state assuming a one-compartment model.
Efficacy assessments
The primary objective of this study was to evaluate the pharmacokinetics of cariprazine and its metabolites; as such, efficacy assessments were collected but were not planned for inferential analyses due to the small sample size of the study. Efficacy assessments were collected at baseline, week 6, and week 12 of the study (or at study discontinuation). The PANSS scale is a clinician-administered assessment that evaluates both positive and negative symptoms in patients with schizophrenia. 28 The Clinical Global Impressions-Severity (CGI-S) scale and the Clinical Global Impressions-Improvement (CGI-I) scale are clinician-administered assessments that evaluate overall severity of disease (CGI-S) and improvement or worsening of disease from baseline (CGI-I). 29 safety and tolerability 
statistical analysis
The pharmacokinetic analysis population, defined as all patients who received one or more doses of cariprazine following randomization, was used to assess cariprazine pharmacokinetics. Descriptive statistics were calculated for each dose group and at selected blood sampling times for the plasma concentrations and pharmacokinetic parameters of cariprazine, desmethyl-cariprazine, and didesmethylcariprazine.
The safety analysis population comprised all randomized patients who received one or more doses of cariprazine and for whom safety data were available. The incidence of AEs, adverse drug reactions, and serious adverse events (SAEs) was calculated for each dose group. All safety measures were analyzed using descriptive statistics. The efficacy analysis population comprised all randomized schizophrenia patients who received one or more doses of cariprazine and had a baseline and one or more postbaseline efficacy assessments. Descriptive statistics were calculated for PANSS total score, PANSS positive score, PANSS negative score, CGI-S score, and CGI-I score. Change from baseline for each efficacy parameter was analyzed using analysis of covariance with treatment group as fixed effect and baseline of the corresponding parameter. Least squares mean and corresponding 95% CIs were calculated. In addition, last observation carried forward was used for missing values of each efficacy parameter.
Results

Patient disposition and demographic characteristics
Of the 38 enrolled individuals, 24 (63.2%) completed the study, with completion rates similar among cariprazine dose groups (Figure 1 ). A total of six (15.8%) patients discontinued the study due to AEs, seven (18.4%) withdrew consent, and one (2.6%) was found to be ineligible for the study.
Baseline demographics and disease characteristics were similar among treatment groups (Table 1 ). Compliance to cariprazine treatment among patients in all dose groups was 95.6% for the 12-week treatment period.
Pharmacokinetic analyses
Cariprazine, desmethyl-cariprazine, and didesmethylcariprazine, and total active moieties all reached steady state following repeated administration over the 12-week treatment period ( Figure 2 ). Trough concentrations of cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine increased by repetitive administration and stabilized thereafter. The ratios calculated from plasma trough concentrations compared to those on the last day of treatment are presented in Table 2 Pharmacokinetic parameters of cariprazine, desmethylcariprazine, and didesmethyl-cariprazine for each dose group measured on the first and last days of the 12-week treatment period are presented in Table 3 . At steady state, didesmethylcariprazine is the prominent moiety, with exposure (AUC 0-24 ) about two-to threefold higher than for cariprazine. Steady-state exposure of desmethyl-cariprazine is ~30%-40% of cariprazine exposure. The t 1/2,z for cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine in the dose groups ranged from 31.6 to 68.4, 29.7 to 37.5, and 313.6 to 446.0 hours, respectively. Despite the long t 1/2,z , plasma concentrations of cariprazine and desmethyl-cariprazine decreased .90% within 1 week after the last dose, while didesmethyl-cariprazine and total active moieties decreased ~50% at 1 week and ~90% within 4 weeks after the last dose, respectively. The calculated t 1/2,eff was ~2 days for cariprazine and desmethyl-cariprazine, 8.4 days for didesmethyl-cariprazine, and 1 week for total active moieties.
For cariprazine, the estimated slope β (two-sided 95% CI) of AUC 0-24 and C max was 1.1 (0.7-1.4) and 1.0 (0.7-1.3), respectively. The estimated slope β (95% CI) of AUC 0-24 and C max for desmethyl-cariprazine was 1.2 (0.8-1.6) and 1.2 (0.8-1.6), respectively. The estimated slope β (95% CI) of AUC 0-24 and C max for didesmethyl-cariprazine was 1.4 (0.6-2.2) and 1.3 (0.6-2.1), respectively. Dose proportionality was confirmed for cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine within the range of 3-9 mg/day, since the two-sided 95% CIs for the estimated value of β contained 1 for both AUC 0-24 and C max . Dose-adjusted values of C max and AUC 0-24 for cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine evaluated on the last day of treatment are presented in Table 3 . Dose-adjusted values of AUC 0-24 and C max were also similar between doses for cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine. safety and tolerability outcomes exposure All 38 patients who enrolled in the study were evaluable for safety analyses. The mean duration of treatment was 61.8 days, with the most frequent duration of treatment ranging from 71 to 84 days for 50% of patients. (Table 4) . AEs observed in this study were similar to those reported in previous studies. [20] [21] [22] No patients in the 3 or 9 mg dose groups experienced any SAEs; two patients in the 6 mg group reported the SAEs of exacerbation of schizophrenia. AEs leading to study discontinuation included exacerbation of schizophrenia (n=3), vomiting (n=1), abnormal hepatic function (n=1), cold sweat (n=1), chills (n=1), and abnormal liver function test (n=1). In each case, the AE was deemed as having a "reasonable possibility" of being related to cariprazine treatment. Neuroleptic malignant syndrome and syncope, classified as significant AEs based on the pharmacological action of cariprazine, were not observed; one case of cataract (also a significant AE) deemed mild in severity was reported. No deaths were reported during the study. laboratory parameters, vital signs, ecg, and physical examinations For most laboratory parameters, changes from baseline were small, and no major differences were observed between dose groups. A change in mean values from baseline to end of study for aspartate aminotransferase and alanine aminotransferase levels was greater for the 9 versus 3 and Notes: a Adverse drug reactions were defined as adverse events for which causal relationship with cariprazine was determined to be "reasonably possible". b incidence of neaes is only during the follow-up period. c incidence of Teaes occurring in at least two patients in any dose group during the treatment period. d listed in descending order of frequency for the total patient population. Note: a lsM values were calculated using the last-observation-carried-forward approach. Abbreviations: CGI-I, Clinical Global Impressions-Improvement; CGI-S, Clinical Global Impressions-Severity; CI, confidence interval; LSM, least squares mean; PANSS, Positive and negative syndrome scale; sD, standard deviation. 6 mg dose groups; however, median values showed no major differences among the three dose groups. The mean change from baseline in creatine kinase levels at the end of the study was higher in the 6 mg group than 3 and 9 mg dose groups. For all dose groups, there was considerable interpatient variability in creatine kinase levels, and no major differences in median values were observed. Mean serum prolactin values declined during treatment and were within the reference range at the end of the study. There was an increase in fasting insulin levels across all dose groups from baseline to the end of study, though all levels were within reference ranges. No significant changes were observed for additional metabolic parameters (eg, glucose, triglycerides, and high-density lipoprotein or low-density lipoprotein cholesterol).
No clinically relevant changes from baseline or differences between dose groups were observed for vital sign tests, ECG, ophthalmologic, or physical examination results. In all dose groups, there was a decrease in weight from baseline. Columbia-Suicide Severity Rating Scale assessments revealed that seven (18.4%) patients across all dose groups exhibited suicidal ideation at least once during the treatment period, though no patients displayed suicidal behavior. extrapyramidal symptoms EPS included treatment-emergent parkinsonism (6 mg, n=3) or treatment-emergent akathisia (3 mg, n=1; 6 mg, n=2; 9 mg, n=2). Additional assessments of EPS revealed no major differences from baseline to the end of study. There were no major variations in DIEPSS scores from baseline to the end of study across dose groups. AIMS scores were elevated for patients in the 6 mg dose group at weeks 6 and 12, though these scores declined back to baseline levels by the end of the study. No major variation in AIMS scores was observed for the 3 or 9 mg dose groups. Overall, there was a slight increase in BARS scores from baseline in all dose groups at the end of the study (change from baseline [mean ± SD]: 3 mg, 0.5±1.1; 6 mg, 0.4±1.1; 9 mg, 0.3±0.6).
Efficacy assessments
PANSS scores at baseline were relatively low compared with baseline PANSS scores in the Phase II/III acute exacerbation studies. Changes from baseline in PANSS total, positive, and negative scores were small during this study (Table 5 ). Additionally, there was very little change in CGI-S and CGI-I scores for all dose groups ( Table 5 ).
Discussion
The primary objective of this study was to evaluate the steadystate pharmacokinetics of cariprazine, desmethyl-cariprazine, didesmethyl-cariprazine, and total active moieties. Prior studies assessing the pharmacokinetics of cariprazine and its metabolites were shorter in length, and insufficient information was collected about steady-state levels, particularly for didesmethyl-cariprazine, which is known to have a prolonged half-life. This study confirmed that cariprazine, desmethyl-cariprazine, didesmethyl-cariprazine, and total active moieties reached steady-state levels within 4 weeks of daily cariprazine administration and were eliminated almost completely in the 12 weeks following the last cariprazine dose. Furthermore, exposure for each of cariprazine and its metabolites was dose proportional over the range of 3-9 mg/day. While t 1/2,z for cariprazine ranged from 1.3 to 2.9 days, the t 1/2,eff of the parent compound was 2 days, and the t 1/2,eff calculated for the total active moieties, which takes into account cariprazine and the two metabolites, was ~1 week. The t 1/2,eff value for the total cariprazine concentrations is considered the best predictor for estimating plasma accumulation and elimination of this drug as it captures the pharmacokinetics of all three active moieties.
The impact of race on the pharmacokinetics of cariprazine, desmethyl-cariprazine, and didesmethyl-cariprazine was evaluated in a single-dose study of 1 mg cariprazine administered to Japanese, South Korean, Taiwanese, and Caucasian healthy subjects. Differences in C max and AUC between races were ~#50% (unpublished). As the impact of race did not appear to be substantial, the pharmacokinetic data gathered from this study are considered representative worldwide, not only for the Japanese population.
The AEs observed during this study were similar to those reported previously. [20] [21] [22] Of the significant AEs (neuroleptic malignant syndrome, syncope, and cataract), there was only one case of cataract that was considered possibly related to cariprazine treatment and was deemed as being mild in intensity.
Occupancy of D 2 receptors is considered the common mechanism of action of all antipsychotics and is thought to be associated with risk of EPS. 30 Atypical antipsychotics, which may have greater affinities for other receptors or different activity (ie, partial agonism) at D 2 receptors, may reduce the risk of EPS. 5 In this study, drug-induced parkinsonism was observed in three patients who received 6 mg/day cariprazine. Additionally, across all dose groups, akathisia was observed in 21% of patients during cariprazine treatment. The DIEPSS, AIMS, and BARS assessments of EPS revealed no variation in DIEPSS and AIMS scores from baseline to the end of study, with a small increase in BARS score at the end of the study for all dose groups. Overall, these assessments suggested that the risk of EPS was relatively small with once-daily cariprazine 3-9 mg/day for 12 weeks. Though many atypical antipsychotics may have reduced risk of EPS compared with typical antipsychotics, some have a propensity to induce weight gain and metabolic changes, which increase the risk of cardiovascular complications and type 2 diabetes. 5 This may make treatment especially challenging in patients with schizophrenia, who tend to have high rates of comorbid medical conditions. 31 In this study, clinically relevant weight gain was not observed in any dose group. Moreover, there was a mean decrease in weight, though the AE "weight decreased" was not reported for any patients. An increase in fasting insulin levels from baseline to end of study was observed in all dose groups, though levels were all within reference ranges. No significant changes were observed from baseline to end of study for glucose and lipid levels (ie, triglycerides and total high-density lipoprotein and low-density lipoprotein cholesterol).
Maintenance of efficacy with cariprazine has been demonstrated in a recent positive randomized, placebo-controlled, relapse prevention study. 32 The current study supports the maintenance of efficacy reported in the relapse prevention study. In the current 12-week study, PANSS total, positive, and negative scores all improved during the study, though the extent of change throughout the treatment period for patients was small, likely due to the low mean PANSS scores for patients at baseline (3 mg, 70.5; 6 mg, 60.3; 9 mg, 75.4). Importantly, patients did not worsen during treatment suggesting that cariprazine maintained efficacy through 12 weeks of treatment. Additionally, as all patients in the three dose groups had taken an antipsychotic drug prior to study start, residual effects of prior therapy may have been sustained during cariprazine treatment and captured in the assessments of efficacy reported here. This study did not have a placebo control group, and the efficacy results must be interpreted accordingly.
As is the case with all registered clinical trials for schizophrenia, careful selection of patients ensured that all trial participants could provide written informed consent and had no significant comorbid psychiatric or medical conditions. This factor must be considered when interpreting results for the heterogeneous population of patients seen in clinical practice, particularly those who are difficult-to-treat, have comorbid diseases, and who may require higher doses. The small sample size and lack of a placebo or active control in this study must also be considered when interpreting these results.
With its unique pharmacological properties, cariprazine may be a favorable treatment option for patients with schizophrenia. The pharmacokinetic profile determined from this study supports the proposed dosing regimen for cariprazine, which includes up-titration for the first 4 days to the defined target dose followed by once-daily dosing. This study also further supports the safety and tolerability of once-daily cariprazine (3-9 mg) during 12 weeks of treatment and 12 weeks of follow-up in patients with schizophrenia.
